Editor: Susan J. Mazer Premise of research. Angiosperms are commonly classified as self-incompatible or self-compatible. This dichotomy has influenced research on the ecological and demographic consequences of colonization because of the predicted benefits of self-compatibility for establishment at low density. Some individuals of self-incompatible species, however, exhibit partial self-incompatibility (PSI), meaning that they set variable amounts of seed following self-pollination. Here, we investigate genetic and environmental components of PSI in tristylous Lythrum salicaria as a context for understanding colonization and the floral morph structure of invasive populations.
Introduction
Hermaphroditism provides opportunities for both cross-and self-fertilization, and their relative amounts represent a key axis of mating-system variation in flowering plants with profound ecological, genetic, and evolutionary consequences (Darwin 1876; Lloyd 1992; Igić and Busch 2013; Wright et al. 2013; Barrett and Harder 2017) . A major determinant of outcrossing is self-incompatibility, a genetically based physiological mechanism (de Nettancourt 1977; Franklin-Tong 2008 ) that serves to limit the harmful consequences of self-fertilization resulting from inbreeding depression (Charlesworth and Charlesworth 1987) .
Self-incompatibility systems differ in physiology, genetics, and molecular control (e.g., homomorphic vs. heteromorphic, sporophytic vs. gametophytic), and it has been estimated that these selfrejection mechanisms occur in at least 40% of angiosperms from over 100 families, making them the most common and phylogenetically dispersed antiselfing mechanisms in plants (Allen and Hiscock 2008; Igić et al. 2008 ). However, self-incompatibility frequently breaks down, resulting in plants that exhibit different degrees of self-compatibility (de Nettancourt 1977; Barrett 1988; Mable et al. 2005) . This shift from self-incompatibility to selfcompatibility is commonly associated with the transition from outcrossing to selfing and has been documented in numerous families (Stebbins 1974; Goodwillie 1999; Goldberg et al. 2010) . The evolution of self-compatibility may be especially important when ecological and demographic conditions limit cross-pollen dispersal among plants.
The early stages of colonization associated with biological invasions represent an important ecological and demographic context for evaluating the costs and benefits of plant mating systems (reviewed in Brown and Burdon 1987; Barrett 2011; Pannell 2015) . The capacity for self-fertilization should be particularly beneficial in species that experience recurrent colonizing episodes, as it allows reproduction under the low-density conditions typical of establishment following dispersal (Lloyd 1980 ). In contrast, colony foundation at low density may be restricted if selfincompatibility is strongly expressed because of the requirements for cross-compatible mates and pollen vectors that may be absent from small populations. The idea that self-compatibility is beneficial for establishment at low density after long-distance dispersal, e.g., on oceanic islands, is known as Baker's law (Baker 1955 (Baker , 1967 . Despite some controversies concerning the generality of Baker's law (Busch 2011; Cheptou 2012; reviewed in Pannell et al. 2015) , there is now considerable evidence in favor of the benefits of self-compatibility for colonization under a range of demographic scenarios (Rambuda and Johnson 2004; van Kleunen et al. 2008; Pannell 2015; Grossenbacher et al. 2017) . It is notable that much of the discussion on plant mating and colonization tends to contrast the simple dichotomy of self-incompatibility and self-compatibility.
Although the compatibility status of plants is commonly viewed as a binary trait (but see Cheptou et al. 2002; Good-Avila et al. 2008) , there is increasing evidence for variation in the expression of self-incompatibility within and among plant populations. For example, in a survey of self-incompatibility expression in 1238 species conducted by Raduski et al. (2012) , ∼25% exhibited 0.2-0.8 of the fruit set following self-pollination that they would have set after cross-pollination. This variation in expression of self-incompatibility can be manifested in numerous ways, from sporadic self-compatible individuals in otherwise strongly self-incompatible populations (Shore and Barrett 1986; Tsuchimatsu et al. 2010 ) to wide quantitative variation in the capacity of plants to set seed following self-pollination (Levin 1996; Stone et al. 2006; Good-Avila et al. 2008 ). In addition, in some fully self-fertile species, incompatibility is cryptically expressed and can be detected only by studies of cross-and self-pollen-tube growth and/or the use of genetic markers (Bateman 1956; Weller and Ornduff 1977; Cruzan and Barrett 1993) . Weak or "leaky" selfincompatibility occurs because diverse genetic, developmental, and environmental mechanisms influence the expression of this antiselfing mechanism.
The occurrence of self-fertile individuals in species that retain a functioning self-incompatibility system has been referred to as pseudo-self-fertility (de Nettancourt 1977; Levin 1996) or pseudoself-compatibility (Baldwin and Schoen 2016) . Some progress has been made in understanding the genetic basis of pseudo-selffertility. In several species, self-compatibility results from unlinked polygenic modifiers that alter the strength of self-incompatibility, whereas in others, mutations of alleles at the S-locus are involved (Ascher 1984; Good-Avila and Stephenson 2008; Baldwin and Schoen 2016) . Moreover, crossing studies indicate that pseudoself-compatibility can respond to artificial selection (Lundqvist 1968; Henny and Ascher 1976; Flaschenriem and Ascher 1979; Dana and Ascher 1985; Bixby and Levin 1996) and may provide the necessary standing genetic variation for the selection of full self-compatibility. Environmental and developmental factors are also known to modify the expression of self-incompatibility. For example, high temperatures and increasing flower age are commonly associated with a weakening of incompatibility and have often been exploited to produce self-seed (Ascher and Peloquin 1966; de Nettancourt 1977; Levin 1996; Stephenson et al. 2000) . Plasticity in the expression of self-incompatibility (sensu Travers et al. 2004; Good-Avila et al. 2008 ) may complicate genetic analysis but may be ecologically significant for populations exposed to fluctuating environmental conditions. Variation in the expression of self-incompatibility is particularly notable in heterostylous plants. Controlled self-and crosspollinations in both distylous and tristylous species have often revealed differences between the floral morphs in the strength of heteromorphic incompatibility (reviewed in Barrett and Cruzan 1994) . The underlying physiological and genetic mechanisms responsible for morph-specific differences in incompatibility are poorly understood but may be associated with the contrasting patterns of pollen-tube growth and inhibition that are evident in the floral morphs (Bawa and Beach 1983; Scribailo and Barrett 1991) . A particularly notable example is reported in several tristylous taxa (Eichhornia azurea [Bianchi et al. 2000] ; Pontederia spp. [Barrett 1977; Glover and Barrett 1983; Barrett and Anderson 1985; Puentes et al. 2013] ; Lythrum salicaria [Darwin 1877; Stout 1923; O'Neil 1994; Colautti et al. 2010b] ) in which the midstyled morph (hereafter M-morph) has significantly weaker self-incompatibility than the long-and short-styled morphs (hereafter L-and S-morphs). Colautti et al. (2010b) proposed that the weak expression of trimorphic incompatibility in the M-morph of L. salicaria could increase its colonizing potential compared to the L-and S-morphs by facilitating colony foundation following dispersal.
Here, we investigate variation in the expression of trimorphic incompatibility in L. salicaria, with a particular focus on the M-morph. Throughout this article, we refer to the occurrence of plants that set variable amounts of seed following self-pollination in an otherwise self-incompatible species as exhibiting "partial self-incompatibility" (hereafter PSI) in preference to "pseudoself-compatibility" or "pseudo-self-fertility" because at this stage several of the criteria for pseudo-self-fertility outlined by Levin (1996) have yet to be established in L. salicaria. Through controlled self-and cross-pollinations conducted under glasshouse conditions, our study addressed the following questions: (1) What is the frequency of PSI in invasive populations of L. salicaria, and does the M-morph exhibit the weakest expression of self-incompatibility? Based on previous studies of L. salicaria (reviewed in Colautti et al. 2010b) , we predicted higher quantities of fruit and seed set following self-pollinations of the M-morph in comparison with the L-and S-morphs. (2) Given previously known environmental influence on PSI (see Levin 1996; GoodAvila and Stephenson 2008) , how stable is the expression of PSI between years among genotypes that express PSI to different degrees? We conducted controlled self-and cross-pollinations on plants in two consecutive years and compared fruit and seed set. (3) To what extent does the expression of PSI change with growing conditions at flowering? In an experiment with replicated clones of selected genotypes grown under wet and drought stress conditions, we evaluated the plasticity of PSI and also the extent to which genotypes maintained their differences in PSI. (4) Is there evidence of a heritable component to variation in PSI, and are morph-dependent differences in the expression of PSI maintained in selfed offspring? We compared parental and offspring expression of PSI in genotypes of the M-morph that varied in PSI and tested the hypothesis that incompatibility should be weaker in M-than in L-morph progeny, owing to morph-limited expression of PSI.
Material and Methods

Study Species and Sampling
Lythrum salicaria is a largely outcrossing, showy, autotetraploid, insect-pollinated, amphibious perennial native to Eurasia. It colonizes a range of wetland habitats, including freshwater marshes, flooded pastures, and roadside ditches, and has been introduced to several temperate regions of the world, in some of which it is an invasive species. Lythrum salicaria was introduced to the eastern seaboard of North America in the early 1800s and has since expanded its range southward to Georgia, northward to various US states and Canadian provinces, and westward to the Pacific coast (Thompson et al. 1987) . In eastern North America there is evidence that populations of L. salicaria maintain considerable quantitative genetic variation for lifehistory traits that vary clinally with latitude and that populations have evolved local adaption to growing season length (Montague et al. 2008; Barrett 2011, 2013; Colautti et al. 2010a) . Populations of L. salicaria reproduce exclusively from seed, although individuals can produce large clumps ∼1 m in diameter (Mal et al. 1992; Yakimowski et al. 2005) . Plants begin flowering ∼12 wk after germination and produce numerous inflorescences with weakly zygomorphic flowers that are in anthesis for 2-3 d (Thompson et al. 1987) . Individuals can be long-lived, flowering for at least 12 yr (S. C. H. Barrett, personal observation).
Lythrum salicaria exhibits the floral polymorphism tristyly, with most populations composed of the long-, mid-, and short-styled floral morphs (hereafter L-, M-, S-morphs). In common with many tristylous species, the reciprocal arrangement of stigma and anther heights is associated with a physiologically controlled trimorphic incompatibility system that limits self and intramorph mating (Darwin 1877; Barrett and Cruzan 1994) . Compatible crosses involve cross-pollinations between anthers and stigmas of equivalent height ("legitimate pollinations"). However, there is experimental evidence from controlled pollinations of L. salicaria that in some plants trimorphic incompatibility is weakly expressed, especially in the M-morph, in which self-pollinations with pollen from long-level anthers can result in fruit and seed set (reviewed in Colautti et al. 2010b ).
Sampling and Cultivation of Plants
We collected 120 maternal seed families of L. salicaria from four geographically separated locations in the Greater Toronto Area (population designations: HUM-1, CDV, RRV, DON7) during October-November, 2012 (table A1, available online). Each of the populations sampled was large and tristylous and comprised approximately several hundred individuals based on visual estimates. In early spring 2013, we germinated seed and grew six offspring per maternal parent in a pollinator-free glasshouse at the University of Toronto, St. George campus. We transplanted seedlings into 15.24-cm (6-inch) pots containing Promix BX potting media and placed these on flooded benches in the glasshouse. We maintained glasshouse temperatures between 207 and 257C with supplemental light for 12 h per day and provided 20-20-20 fertilizer biweekly following the manufacturer's instructions. We overwintered plants in the glasshouse from November to February by cutting back aboveground stems to ∼5 cm above the soil surface, reducing temperatures to 107-157C, and applying fertilizer only once each month. We also repotted plants with Promix BX media two or three times/year. All experiments described below are based on the plants and glasshouse conditions described above unless stated.
Frequency of Partial Self-Incompatibility
In May 2013, we randomly selected 338 plants evenly distributed among the four populations on which to investigate the frequency of occurrence of self-compatible plants. Because there was no significant difference among populations in the frequency of plants expressing partial self-incompatibility (table A1; generalized linear model likelihood ratio; X 2 p 2:19, df p 3, P > 0:53), we pooled data from plants sampled from the four populations in this study. On a single inflorescence of each plant, we pollinated five pairs of flowers on their first day of anthesis. We accomplished this by removing selected anthers with forceps from a donor plant and rubbing the anthers against recipient stigmas to deposit abundant pollen. We self-pollinated one flower per pair using pollen from midlevel anthers in the L-and S-morphs or long-level anthers of the M-morph. We chose these anther levels because previous pollination experiments on L. salicaria and other tristylous species have established that they produce more seed following self-pollination than the alternate anther levels within a flower (Darwin 1877; Barrett and Cruzan 1994; O'Neil 1994; Colautti et al. 2010b) . We cross-pollinated the second flower in each pair with pollen from a haphazardly chosen compatible pollen donor using the anther level corresponding to the recipient stigma level (legitimate pollination). We removed the midlevel anthers from all flowers that were cross-pollinated on L-and S-morph plants and long-level anthers from flowers cross-pollinated on M-morph plants to prevent self-pollen contamination. We performed all self-pollinations before cross-pollinations and cleaned forceps in alcohol between treatments to avoid pollen contamination of crosses. We marked the base of the corolla tube of each flower with either red or yellow paint to identify whether flowers received self-or cross-pollen, respectively. After 6 wk, we recorded fruit set on each plant and harvested all mature fruit. We allowed fruits to dry for 1 wk in open Eppendorf tubes before we counted the number of seeds per fruit using an Olympus SZ61 dissecting microscope. From this experiment, we established the frequency and extent of partial self-incompatibility among individuals in our sample of L. salicaria plants.
After plotting the frequency distribution of partial selfincompatibility in our sample of L. salicaria ( fig. 1 ), we examined the extent to which plants set fruit after self-pollination using a generalized linear model with a binomial residual distribution. All statistical analyses described in this article were conducted in R version 3.3.2 "Sincere Pumpkin Patch" (R Development Core Team 2016) . In all linear models, we extracted F-statistics and model significance using the summary function in R, and in all ANOVA, generalized linear models, and mixed
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models, we obtained either the sum of squares or the likelihoodratio Χ 2 and significance with the Anova function set to obtain the type III sum of squares in the package car (Fox and Weisberg 2011) . We tested the effects of morph on the number of fruit set after self-fertilization with the main effects of morph and outcross fruit set as predictor variables. We investigated differences between the number of self-fertilized seed set per fruit in plants setting at least one self-pollinated fruit using a linear model of the natural logarithm of average seed set per fruit in each plant, to match the assumption of normality in the seed counts, with morph and outcross fruit set as predictive factors.
Stability of Partial Self-Incompatibility between Years
Having established that a significant number of L. salicaria plants were partially self-incompatible, we next investigated the stability of this trait in individual plants by comparing selfpollinated fruit and seed set between years. In April 2014, we selected 20 L-, 40 M-, and 20 S-morph individuals that set at least one self-pollinated fruit following hand-pollination in the previous year. We chose twice as many individuals of the M-morph for this experiment because more individuals of this morph, as expected, set a higher number of fruit after self-pollination than the L-or S-morphs. In May 2014, we repeated the same pollination protocol as 2013 on this subset of 80 plants, except that we pollinated 10 pairs of flowers rather than five. All fruits were harvested when mature, and we recorded fruit set and mean seed per fruit per plant as in 2013.
We examined the relation between outcrossed fruit set and self-fertilized fruit set through a generalized linear model with a Poisson residual distribution on the count of fruit set from selffertilization versus the count of fruit set from cross-fertilization. We detected a significant relation between these variables (X 2 p 7:0125, df p 1, P < 0:01), indicating an overall effect of the number of outcrossed fruit set on the number of self-fertilized fruit set per plant. We also tested for an effect of mean seed set per fruit after selfing and outcrossing in each plant; however, we did not detect a significant relation between these variables (F p 0:06616, df p 1, residual df p 37, P > 0:75).
We determined the proportion of plants in 2014 that set fruit after self-fertilization and compared this value with the 2013 percent fruit set using a heterogeneity G-test. We controlled for the positive correlation between self-fertilized and cross-fertilized fruit set by using an index of self-compatibility (hereafter ISC) for fruit set as our response variable. We calculated this index as the number of self-fertilized fruit divided by the number of cross-fertilized fruit for each plant, with the few values greater than 1 reduced to 1 so that all ISC fruit set values ranged between 0 and 1. We then examined the correlation between 2013 ISC fruit set and 2014 ISC fruit set, as well as the correlation between mean self-fertilized seed and cross-fertilized seed per fruit for each plant using linear regression.
Environmental Modification of Partial Self-Incompatibility
To investigate the extent to which different environmental conditions may influence the expression of PSI, we selected 15 individuals of the M-morph in 2014-2015 comprising a range of variation in this trait. Our experiment contrasted different moisture regimes because L. salicaria plants experience both flooded and terrestrial conditions and our field observations in Ontario indicated that summer drought commonly impacts plants growing in roadside ditches.
From each of the 15 genotypes, we produced 14 stem cuttings from ∼10-cm-long axillary shoots and rooted the stems in perlite substrate in a plant propagation chamber with regular misting in the glasshouse facility. After approximately 4 wk, at which time cuttings had produced roots, we transplanted them into 15.24-cm (6-inch) pots filled with Promix media and grew them under glasshouse conditions as described above. In April of 2016, we selected 12 of the original 15 genotypes with 10 clones and assigned half to a "dry" treatment and half to a "wet" treatment. We established 24 plastic trays, half of which involved a wet treatment and half of which experienced a dry treatment, and arranged them in a checkerboard pattern across a glasshouse bench. We randomly placed five plants into each tray with the restriction that we placed clones of each genotype into trays matching their preassigned condition (wet vs. dry), and we placed only a maximum of one clone of each genotype into a given tray. We maintained a depth of 3.5 cm of water in all trays until inflorescence initiation, at which time we reduced the water in the dry trays to approximately 705 mL per plant each week while continuing to provide 3.5 cm of standing water in the wet trays. Plants in the dry treatment were noticeably stressed, showing wilting between watering. From mid-May to early July, we self-and cross-pollinated five pairs of flowers on each plant using our standard protocol described above. In mid-July to early August, we collected mature fruit and measured fruit set and seed set per capsule.
We tested for the relation between self-fertilized fruit set and mean seed set per fruit versus cross-fertilized fruit set and mean seed per fruit per plant as discussed above. We detected a positive correlation between self-and cross-fruit set in our generalized linear model with Poisson residual distribution (X 2 p 17:674, df p 1, P < 0:0001), but we detected no significant relation between the mean self-and cross-seed set per fruit in plants setting at least one self-fertilized seed in the linear regression (F p 2:393, df p 1, residual df p 69, P > 0:1). Therefore, we chose to use the ISC for fruit set and mean self-seed set per capsule per plant as response variables in our analyses. We performed two-way ANOVAs to detect the effects of environmental treatment (wet vs. dry), plant genotype, and their interaction with ISC fruit set and mean self-seed set per fruit per plant.
Relations between Parent and Offspring
Partial Self-Incompatibility
To investigate whether offspring from partially self-incompatible plants of the M-morph also exhibited similar values of PSI as their parents and whether segregating L-and M-morphs within selfed families differed in compatibility status, we examined the relations between parent and offspring values of PSI. In April 2016, we selected 14 genotypes of the M-morph included in the preceding experiment. We germinated seed from self-fertilized fruits from each of the parents and obtained a total of 344 offspring, of which 288 flowered (mean number of plants per family: 19.4; range: 6-24) . In June, we transplanted individuals into 10.16-cm (4-inch) plastic pots and placed them on a flooded glasshouse bench. When these families commenced flowering, we recorded the style morph of each plant and pollinated five pairs of flowers using the same protocol as described above. We measured fruit and seed set of each plant when fruit matured during AugustSeptember.
We found a significant relation between self-fertilized fruit per plant and cross-fertilized fruit per plant (X 2 p 326:24, df p 1, P < 0:0001). We also detected a positive relation between self-and outcross-seed set per fruit per plant (F p 54:73, df p 1, residual df p 144, P < 0:0001). Therefore, we used the ISC of fruit set and a similar index based on mean self-seed per fruit (ISC seed set), which we obtained by dividing the mean seed set per capsule from selfing by the mean seed set per capsule from outcrossing per plant.
The results we obtained from self-pollinating offspring from plants of the M-morph (see fig. 6 ) indicated that the values of PSI differed markedly between L-and M-morph progeny within families. We therefore separately examined the relation between the parental ISC and the responses of the L-and M-morph offspring in all further analyses. We first performed a generalized linear mixed model with binomial residuals on the likelihood that plants set one self-fertilized fruit, with the parental ISC for fruit set designated as a fixed effect and progeny family mean as a random effect. We then tested the effect of parental ISC on offspring ISC for fruit set, using linear mixed model regressions of ISC over parental ISC for fruit set as a fixed factor, with progeny mean in each family as a random factor. We also tested the effects of parental ISC for mean seed set per fruit against progeny ISC for mean seed set per fruit. This was conducted using a linear mixed model with the ISC for seed set per fruit in offspring predicted by the mean seed set per fruit in the parent as a fixed effect and the family mean for ISC for seed set as a random variable in the model.
Results
Frequency of Partially Self-Incompatible Plants
Following self-pollination, approximately one-third of all individuals sampled from among the four Lythrum salicaria populations set at least one fruit. The frequency of individuals with PSI ranged from 0.30 to 0.40 among the populations. Most plants set four or five fruit following cross-pollination (mean p 4:4) and a relatively high and normally distributed number of seeds per fruit (mean p 75). However, after self-fertilization, plants set a significantly smaller number of fruit and seeds (mean fruit per plant p 0:8; mean seeds per fruit p 11.1; fig. 1 ). Plants that set more cross-pollinated fruit were more likely to set self-fertilized fruit (X 2 p 17:3, df p 1, P < 0:0001). Individuals of the M-morph were more likely to set fruit than individuals of the S-morph and marginally more likely to set fruit than individuals of the L-morph ( fig. 2A) . The M-morph set significantly more self-pollinated fruit than the L-or the S-morph ( fig. 2B) . However, we did not detect a significant difference among the floral morphs in the mean number of seeds set per fruit in plants setting at least one self-fertilized fruit ( fig. 2C ).
Stability of Partial Self-Incompatibility between Years
Lythrum salicaria plants that we pollinated in 2014 were more likely to set fruit than the total sample of plants that were used in controlled pollinations in 2013 (G p 31:4, df p 1, P < 0:0001). We found a significant relation in the ISC for fruit set per plant between 2013 and 2014 (F p 8:97, df p 1, residual df p 63, P < 0:01; fig. 3A) ; however, there was no significant relation between the mean number of seeds set per fruit between years (F p 4:02, df p 1, residual df p 32, P > 0:05; fig. 3B ).
Environmental Modification of Partial Self-Incompatibility
In our experiment, the ISC for fruit set and the mean number of seeds per fruit differed significantly among cloned genotypes in both the wet ( fig. 4A ) and the dry ( fig. 4B) 
Relations between Parent and Offspring Partial
Self-Incompatibility
We detected L-and M-morph progeny in 12 of the 14 selfed families and only M-morph progeny in the remaining two families. The overall ratio of L-to M-morph progeny in the 12 segregating heterozygous families was not significantly different from the 3∶1 ratio expected after self-fertilization in M-morph plants that are simplex for the dominant M-allele (X 2 p 0:31, df p 2, P > 0:55; table 2; Fisher and Mather 1943) . The frequency of plants segregating L-and M-morph progeny does not deviate from the expectations of populations at isoplethic equilibrium because ∼78%-89% of the M-morph individuals are expected to be simplex at the M-locus, depending on the rate of double reduction at the M-locus (Heuch and Lie 1985) .
We found a positive relation between the proportion of M-morph progeny that set fruit after self-fertilization and the parental ISC for fruit set (X 2 p 5:3, df p 1, P < 0:05; fig. 5A ). But the relation between the parental ISC and the proportion of L-morph progeny that set fruit was not significant (X 2 p 0:0, df p 1, P > 0:95; fig. 5B ). Similarly, we detected a significant relation between the parental ISC for fruit set and the offspring ISC for fruit set of the M-morph but not of the L-morph (M-morph: X 2 p 6:9, df p 1, P < 0:01; L-morph: X 2 p 0:09, df p 1, P > 0:75; fig. 5B ). There was no significant relation between the ISC for seed set in the parental versus offspring generations for either the L-or the M-morph (M-morph: X 2 p 1:9, df p 1, P > 0:15; L-morph: X 2 p 3:2, df p 1, P > 0:05; fig. 5C ). The overall average expression of PSI based on the ISC for fruit set and seed set per plant was significantly higher in self-fertilized progeny of the M-morph compared to L-morph progeny ( fig. 6 ).
Discussion
Controlled self-and cross-pollinations on a large sample of Lythrum salicaria plants indicated that approximately one-third exhibited partial self-incompatibility, setting at least one fruit with seed following self-pollination ( fig. 1) . Using these partially self-incompatible plants, we conducted several experiments under glasshouse conditions, which revealed the following major findings: (1) despite considerable variation from year to year in the expression of PSI, there was significant repeatability of selffertilized fruit set values for individual plants (fig. 3) ; (2) using replicated clones given contrasting growing conditions during flowering, we found no evidence that drought stress modified the expression of PSI; however, there were significant differences among clonal groups across conditions indicating genetic variation for PSI ( fig. 4 ; table 1); (3) parent-offspring analyses confirmed the presence of a low level of heritable variation in PSI and demonstrated morph-specific expression, with M-morph Fig. 2 Morph-specific variation in partial self-incompatibility in Lythrum salicaria based on experimental pollinations conducted under glasshouse conditions on 338 plants. A, Proportion of plants setting fruit after self-pollination. The M-morph set fruit with a significantly higher probability than the S-morph. B, Number of fruit set per plant after selfpollination. The M-morph set significantly more fruit after self-pollination than the L-or S-morph. C, Mean number of self-fertilized seeds per fruit in plants that set at least one fruit after self-pollination. There was no significant difference among morphs in number of seeds set per fruit.
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This content downloaded from 142.150.190.039 on July 04, 2018 07:56:54 AM progeny on average setting more fruit following self-pollination than L-morph progeny. We now discuss our findings, focusing on the potential factors influencing PSI variation in L. salicaria and their ecological and evolutionary significance in the context of colonization, population morph structure, and the evolution of self-compatibility.
Mechanisms Governing Variation in Partial Self-Incompatibility
Controlled self-and cross-pollination studies are widely employed to investigate the compatibility status of plants. Measurements of the percent of pollinated flowers setting fruit and the number of seeds per fruit are commonly used to evaluate the strength of incompatibility. We used both of these measurements but in general found that fruit set provided a better indicator of the strength of incompatibility than seed set per fruit. In some comparisons (e.g., among floral morphs; fig. 2C ), there was no significant difference in seed number per fruit following cross-and self-pollination, whereas fruit set differed significantly among the morphs. These two measures of fertility are governed by distinct reproductive processes and therefore may not always be correlated with one another. Seed number variation per fruit can be strongly influenced by the abortion of developing embryos and seeds owing to early-acting inbreeding depression (Husband and Schemske 1996) . In contrast, empirical evidence indicating that fruit set is affected by inbreeding depression to the same degree is less common. This may have led Raduski et al. (2012) to state that "we are not aware of any evidence that suggests a measurable effect of inbreeding depression on fruit set" (p. 1277). However, fruits in which few developing embryos survive are often aborted (Stephenson 1981) , and thus quantities of fruit and seed set are influenced by inbreeding depression but perhaps to different degrees. Lythrum salicaria is primarily outbreeding and it is probable that some inbreeding depression occurs during seed development, and this may have potentially influenced the quantities of fruit and seed set that we obtained from controlled self-pollinations. 4 Reaction norms of partial self-incompatibility for 12 cloned genotypes of Lythrum salicaria grown under wet and dry conditions in a glasshouse. A, Mean and 95% confidence intervals for the index of self-compatibility for fruit set. Cloned genotypes possessed significantly different values of partial self-incompatibility; however, the environment and environment by genotype effects were not significant. B, Mean seed set per fruit in plants setting at least one fruit. There was a significant effect of genotype but no significant effect of environment or genotype by environment.
In several of our comparisons we used an index of selfcompatibility. Similar relative indexes have been used to assess variation in compatibility status in the literature on self-incompatibility (see Lloyd 1965; Bawa 1974; Lloyd and Schoen 1992; Raduski et al. 2012) . We used this index in an effort to control for the positive correlation we detected between self-and cross-fertilized fruit set that was evident for individual plants. The basis of this association is unclear but may simply reflect variation among plants in their overall vigor, as reflected in their ability to set fruit from cross-pollination. Several earlier studies have shown that the number of developing fruit on a plant can influence incompatibility expression (see Good-Avila and Stephenson 2008 and references therein). In most cases, the presence of prior outcrossed fruit tended to reduce self-fertilized seed set (Vogler et al. 1998; Stephenson et al. 2003; Travers et al. 2004) , whereas higher outcrossed fruit, in contrast, was associated with increased PSI in our study. Elevated expression of PSI in the absence of fruit production probably occurs because floral longevity is prolonged when no resources are allocated to fruit, thus enabling slower self-pollen tubes to fertilize ovules (Good-Avila and Stephenson 2008). In our experiments, all self-and cross-pollinations on plants were conducted on the same day using pairs of 1-d flowers on the same inflorescence. Therefore, it seems unlikely that floral longevity and prior fruit development played any significant role in governing the patterns of self-and cross-fruit set that we recorded.
In common with previous pollination studies of L. salicaria (reviewed in Colautti et al. 2010b ; see fig. 3 ), we detected a higher expression of PSI in the M-morph than in the L-and S-morphs. This pattern was reflected in a higher proportion of M-morph plants setting self-fertilized fruit and also in the number of self-fertilized fruit per plant, but not in the number of seeds per self-fertilized fruit ( fig. 2C ). The morph-specific differences in PSI that were evident in our population samples were also maintained in our parent-offspring comparisons of PSI involving plants of the M-morph heterozygous at the M-locus. Among segregating families, PSI was more strongly expressed in the M-morph in comparison with the L-morph ( fig. 6 ). This pattern was also found between parents and offspring in Pontederia cordata, a species in which the M-morph possesses significantly weaker incompatibility than the L-and S-morphs (Barrett and Anderson 1985) . These authors proposed that morph-specific differences in PSI may arise from pleiotropic effects of genes that directly control the expression of tristylous characters (e.g., style length, anther height, pollen size), although differences in PSI among genotypes of the M-morph as we observed in L. salicaria seem likely to also involve modifier genes, perhaps linked to the dominant M-allele(s) at the M-locus.
It is important to appreciate that in common with other tristylous species that exhibit weak incompatibility expression in the M-morph (e.g., see Barrett 1977; Glover and Barrett 1983; Barrett and Anderson 1985; Bianchi et al. 2000; Puentes et al. 2013) , self-compatibility in L. salicaria occurs most frequently in pollinations with pollen from long-level anthers (Darwin 1877) . Self-pollinations with pollen from the alternate short-level anthers of the M-morph are largely incompatible (Darwin 1877; O'Neil 1994) . Because pollen from the two anther levels within a flower is genetically identical, exhibiting the same range of pollen genotypes, the difference in its ability to self-fertilize ovules is probably determined by specific aspects of the developmental environment of stamens and their influences on pollen and pollen-tube growth.
Insights into the mechanisms governing differential incompatibility expression in tristylous species come from studies of pollen-tube growth following self-pollination of Pontederia sagittata (Scribailo and Barrett 1991) , which exhibit PSI in the M-morph (Glover and Barrett 1983) . Small-sized pollen from short-level anthers of the M-morph failed to reach ovaries probably because of insufficient storage reserves, whereas in contrast, larger-sized pollen from long-level anthers grew much longer distances down midstyles often past ovaries and may not have been competent to respond to ovular signals in the same manner Table 2 Number of L-and M-Morph Progeny in Selfed Families of the M-Morph of Lythrum salicaria 0  21  223  3  10  472  0  6  535  6  17  555  6  11  596  8  14  645  8  15  687  1  14  843  2  12  469  7  17  661  6  18  793  4  18  816  7  17  861  6  18   Total  64  208 Note. The total offspring morph ratio is not significantly different from the expected 3∶1 ratio for M-and L-morphs (Χ 2 p 0.01, df p 2, P 1 0.95). as legitimate (compatible) pollen tubes. However, it seems unlikely that in L. salicaria pollen size alone can explain the differences in siring ability between small-and large-sized pollen following self-pollination of the M-morph. Pollen from long-level anthers is much larger than the remaining pollen sizes, and there is a high degree of overlap in size between pollen from short-and midlevel anthers, the latter being the source of compatible pollen (Costa et al. 2017 ; fig. 2 ). Future studies of pollen-pistil interactions in L. salicaria would be valuable to determine whether pollen-size variation and the dynamics of pollen-tube growth play an important role in causing PSI in the M-morph.
In contrast to rigid self-incompatibility, in which self-rejection is usually strongly expressed under most environmental conditions, PSI can be modified by diverse environmental and developmental factors (de Nettancourt 1977; Levin 1996; Good-Avila et al. 2008 and references therein) . As a result, nongenetic factors can result in considerable variation in the expression of PSI both within and between plants. This variation was evident in our comparison of PSI for plants pollinated in successive years in the glasshouse. Despite the significant repeatability in PSI values that we measured, there was considerable scatter in the data obtained over the 2 yr, with some individuals setting high counts of fruit set in 2013 but low counts in 2014 ( fig. 3A) . This variation may have been associated with differences between years in glasshouse conditions, particularly temperature and humidity, despite our efforts to minimize these sources of variation.
To investigate ecologically relevant changes in growing conditions that may alter the expression of incompatibility, we performed a glasshouse experiment with 12 genotypes exhibiting a wide range of PSI values. Just prior to inflorescence initiation, clones of these genotypes were either maintained in flooded growing conditions or subjected to water stress. We specifically chose these treatments because our field observations in Ontario have indicated that whereas some populations grow under permanently flooded conditions, others, particularly those in roadside ditches, experience drought in August during flowering. However, we found no systematic change in the expression of PSI under drought as we may have expected if stress impaired the functioning of incompatibility, causing higher quantities of selfed seed set. In fact, PSI was remarkably stable to the different growing conditions both for genotypes with high and low indexes of self-compatibility ( fig. 4) . In general, the degree to which PSI was expressed in individual clonal groups reflected their genotypic identity, as opposed to the wet and dry environments Fig. 5 Relation between parental and offspring values of partial self-incompatibility following self-pollination of Lythrum salicaria plants grown under glasshouse conditions. We obtained all families through self-fertilization of M-morph plants that expressed varying levels of partial self-incompatibility. M-morph offspring are depicted in black, whereas L-morph offspring are depicted in gray. A, Relation between the proportion of offspring setting fruit after self-pollination and the parental index of self-compatibility (ISC) for fruit set. There was a positive correlation between the proportion of M-morph offspring per family that set fruit and the parental ISC for fruit set. This pattern was not evident in L-morph progeny. B, Relation between the offspring ISC in fruit set after self-pollination and the parental ISC for fruit set. There was a strong positive correlation for this measure of partial self-incompatibility between M-morph progeny and parents but no significant correlation between L-morph progeny and their parents. C, Relation between offspring ISC for mean seed set per fruit in plants setting at least one self-fertilized fruit and the parental ISC for mean seed set per fruit. There was no significant correlation between parents and offspring for either the L-or the M-morph. in which they were pollinated, reflecting genetic variation for PSI among the sample of plants in the experiment. Our failure to induce changes in PSI may of course reflect our choice of environments, and it would be premature to conclude that the compatibility status of genotypes is impervious to environmental manipulation, especially given the results of our repeatability study.
Partial Self-Incompatibility, Colonization, and Floral Morph Ratios
Our initial sample of 338 L. salicaria plants originated from seed families collected from four populations in the Metropolitan region of Toronto, Ontario. We had no a priori expectation that there would be significant differences among the populations in the frequency of plants with PSI. Indeed, this is what we found, with approximately 30%-40% of plants in each population exhibiting PSI. Lythrum salicaria is common in this region with numerous populations, and gene flow among them may limit opportunities for genetic divergence in their reproductive systems. A more extensive survey of PSI by Colautti et al. (2010b) in 12 populations of L. salicaria spanning much of the latitudinal range in eastern North America found significant variation among populations in PSI (mean frequency of PSI p 0:30; range: 0-0.75). However, there was no obvious geographical pattern in the distribution of PSI, providing no evidence that selfing potential increased toward the northern range edge associated with the known invasion history of the species.
Floral morph ratios in populations of tristylous species are largely governed by the interaction of stochastic processes and negative frequency-dependent selection. Extensive surveys of several hundred populations of L. salicaria in native European and introduced North American populations have revealed difference between the continents in floral morph structure (Halkka and Halkka 1974; Eckert and Barrett 1995; Ågren and Erickson 1996; Eckert et al. 1996; Balogh and Barrett 2016; Costa et al. 2016) . Whereas tristylous populations predominate in Europe (∼95%), dimorphic populations are more common in the invasive North American range (∼25%). Significantly, the vast majority of these dimorphic populations are comprised of the L-and M-morph. Stochastic simulations of finite size indicate that genetic drift results in asymmetric morph loss, with the S-morph being lost most often and the L-morph least often from tristylous populations (Heuch 1980; Barrett 1993; Eckert and Barrett 1995) . This pattern is a consequence of the genetic system controlling tristyly in which the dominant S-allele is only carried by the S-morph and is therefore at a lower frequency in equilibrium populations than the other three alleles (s, M, m) at the loci (S, M) governing the polymorphism (Heuch and Lie 1985) . Genetic drift is a pervasive feature of the population biology of colonizing species and thus provides a satisfying explanation for the observed pattern of style length dimorphism in invasive populations of L. salicaria and other tristylous species (e.g., Eichhornia paniculata; Barrett et al. 1989; Husband and Barrett 1992) that experience frequent population bottlenecks.
Genetic drift has undoubtedly played a role in the loss of the S-morph from invasive populations of L. salicaria; however, an alternative process of founder events involving M-morph individuals with PSI may also be involved (Eckert and Barrett 1992; Colautti et al. 2010b; Balogh and Barrett 2016) . Owing to tetrasomic inheritance in L. salicaria (Fisher and Mather 1943) , 78%-89% of plants in equilibrium populations should be simplex at the M-locus, depending on the rate of double reduction at this locus (Heuch and Lie 1985) . On selfing, the offspring of these plants segregate both M-and L-morphs in a 3∶1 ratio. Of the 14 genotypes used in our parent-offspring analysis, 12 segregated both L-and M-morph progeny and the overall ratio was not significantly different from the expected 3∶1 ratio, although individual families were not large enough to rule out other heterozygous tetrasomic genotypes. Nevertheless, founder events involving any of the 12 segregating parental genotypes would be sufficient to establish dimorphic populations that lack the S-morph. It is therefore likely that at least some dimorphic populations of L. salicaria in the invasive range have originated from colonization events involving genotypes of the M-morph with PSI.
Evolutionary Significance of Partial Self-Incompatibility
It has been suggested that variation in PSI within populations may provide the necessary genetic substrate for the selection of complete self-compatibility (Levin 1996) , perhaps leading to the evolution of autogamy. To our knowledge, there is no evidence for the complete loss of trimorphic incompatibility in L. salicaria, although sporadic self-compatible homostylous variants have been reported (Stout 1925; C. G. Eckert, personal communication) . Elsewhere in the genus Lythrum, small-flowered, selfcompatible homostylous species occur and have likely evolved from tristylous ancestors (Charlesworth 1979; Weller 1992) , although this would need to be confirmed by phylogenetic studies. Thus, although L. salicaria is a highly successful invasive species and recurrent colonizing episodes are a characteristic feature of its population biology, trimorphic incompatibility appears to be remarkably resilient to evolutionary breakdown, as occurs in many other tristylous taxa, including several that are highly invasive (reviewed in Weller 1992) .
Several factors may help to explain this apparent paradox. First, although several lines of evidence from our investigations indicate that PSI has a genetic component, the heritability of this trait appears to be quite low, and the amount of standing genetic variation in populations may not be sufficient for a sustained response to selection. A study of artificial selection of PSI would be valuable to test this hypothesis and to determine whether fully self-compatible lines of L. salicaria can be established. Second, several features of the life history of L. salicaria may serve to ameliorate the demographic stochasticity and Allee effects associated with colonization that could potentially limit reproductive success. These include plant longevity, extended mass flowering, high pollinator visitation rates, and fecundity. Although small populations of L. salicaria certainly experience some pollen limitation (Ågren 1996) , this may rarely be sufficiently chronic to favor persistent selection for the complete breakdown of trimorphic incompatibility. Third, selection for self-compatibility is strongly influenced by the intensity of inbreeding depression (Lande and Schemske 1985; Lloyd 1992) . A 4-yr experimental study of differences in fitness between outcrossed and selfed offspring of L. salicaria indicates that the magnitude of inbreeding depression may be sufficient to limit spread of mating-system modifier genes in populations (C. M. Balogh and S. C. H. Barrett, unpublished data) . Finally, PSI may provide a "best of both worlds" mating strategy in which some selfing at low density enables colony foundation, but that predominant outcrossing eventually replaces selfing once population growth occurs and pollinator service becomes reliable (see Pannell 2015) . In many tristylous populations of L. salicaria, PSI may have relatively little influence on mating patterns, particularly if selfed pollen tubes are less competitive than outcrossed, as occurs in most species with PSI (Levin 1996) . But when periodic low-density conditions favor reproductive assurance, partial self-incompatibility may be adaptive, thus explaining why this feature of trimorphic incompatibility appears to be a pervasive characteristic of L. salicaria populations.
